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ABSTRACT
Thermoresponsive polymers have been attractively and scientifically significant in the recent years due to
the utilization of various pharmaceutical and biomedical formulations. Poly(N-vinylcaprolactam) (PNVCL) is
a temperature-responsive polymer, only second to poly(N-isopropylacrylamide) (PNIPAM), the most popular
temperature-responsive polymer. PNVCL should be considered an important focus due to the phase transi-
tion temperature of such polymer that is close to the physiological temperature. PNVCL is a polymer which
offers unrivaled qualities for different potential medical device application . Specifically, it offers one kind of
thermoresponsive abilities, which satisfies the material innovation imperatives required in focused drug delivery
applications. PNVCL and PNIPAM polymers are well-studied thermoresponsive abilities since its lower critical
solution temperature (LCST) is near the physiological temperature and has mostly been used in biomedical
applications. Therefore, it can be investigated as a potential candidate for pharmaceutical utilization. This review
highlights a comparison of PNVCL with PNIPAM regarding comparable characteristics which also delve into
selected examples and the most recent published of applications based on PNVCL with a specific focus on
drug delivery system. The consequence exhibits that the PNVCL will play a pivotal role in nanotechnology and
the environment.
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CONTENTS
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2. Thermoresponsive Polymers . . . . . . . . . . . . . . . . . . . . . . . 23
3. Thermoresponsive Poly(N-vinyl caprolactam) . . . . . . . . . . . . 23
4. Synthesis of PNVCL Polymers . . . . . . . . . . . . . . . . . . . . . 24
4.1. Free Radical (FR) Polymerization . . . . . . . . . . . . . . . . 24
4.2. Reversible Addition Fragmentation Chain
Transfer (RAFT) Polymerization . . . . . . . . . . . . . . . . . 25
5. Significance and Basic Properties of PNVCL . . . . . . . . . . . . 25
6. Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
7. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
References and Notes . . . . . . . . . . . . . . . . . . . . . . . . . . 30
∗Author to whom correspondence should be addressed.
Email: marwahnoori85@gmail.com
1. INTRODUCTION
In massive research, polymer nanocomposites with small
dimensions of the reinforcement phase <100 nm, have
been producing practical materials by integrating the prop-
erties of constitutive materials.1–6 The composite gener-
ation requires an incorporation of the fillers like layered
silicates into the polymer materials, which has already
been known for half a century. In the elastomers field,
the organically modified layered silicates used strength-
ening by Ref. [7] also in the aqueous solution8 indicate
the blending of clays into polyvinyl alcohol. However,
in the early nineties, a study on polyamide nanocompos-
ites by a group of Toyota researchers filled the polymer
matrix with (1 nm) thick layers of the layered alumi-
nosilicates at a nanometer level. This step led to sight on
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the nanocomposites based on layered silicate, which is an
exponential growth in the research.
Toyota researchers2910 adopted the in situ polymer-
ization of polymer nanocomposites by polymerizing the
monomers in the silicates. Thence1112 improved the syn-
thesis of polymer nanocomposites via using melt inter-
calation process, which became the most preferred route
for the polymerization of nanocomposites. Subsequently,
many researchers reported fundamental improvements in
the nanocomposites properties such as flame retardancy,
strength, modulus, reduction in gas permeability and ther-
mal stability with lower contents of filler compared to the
composites.13–16
While the electrical conductivity and extended ther-
mal have started to be necessary, integration of the
clay as a filler in the polymer matrices acquires impor-
tant attention.17–19 The researchers labored to design
novel strategies to provide therapeutically effective and
safe drug delivery systems by selection clay minerals
as active agents. Since the last century, the significant
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improvement in polymer science and nanotechnology
based on discovering a different type of clays and their
use in a variety of applications marked the end of the
last century. Kotal and Bhowmick described clay as a
type of synthetic layered silicates, also in other words,
a mineral characterized by the content of organic matter
and metal oxides.20 Each layer of clay is characterized
by robust interlayer covalent bonds.21 This advantage
became a solution for the polymer matrix dispersion dur-
ing the preparation of polymer nanocomposites.
Most of the studies related to medical applications
chiefly in drug delivery discussed polymers, especially on
thermoresponsive polymers. Poly(N-isopropyl acrylamide)
(PNIPAM) is the most prevalent one with lower critical
solution temperature (LCST) around 32 C. This temper-
ature is very valuable for biomedical applications since it
is close to the body temperature 37 C.22–25 In the sec-
ond place, Poly(N-vinylcaprolactam) (PNVCL) is a per-
fectly thoughtful thermoresponsive polymer regarding its
significance after poly(N-isopropylacrylamide) (PNIPAM).
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PNVCL exhibits similar LCST behavior in water between
30 C and 32 C.26
The most important similarity point between the two
polymers is the temperature of the swelling to collapsing
transition in water is the same as its lower critical solution
temperature (LCST).27
Years ago, the difficulty of polymerizing NVCL to
produce PNVCL compared to PNIPAM lacked popular-
ity among researchers. Subsequently, they developed the
polymerization method by controlling free-radical poly-
merization techniques thus resulted in an increasing num-
ber of studies mostly in biomedical and environmental
fields. From another standpoint, the biocompatibility of
PNVCL is an important trait, making it very attractive for
biomedical and environmental applications, while it has
not been demonstrated for PNIPAM.28 In the subsequent
sections, authors will review the limitations and required
process improvements of PNVCL as a nanocomposite
by discussing the work of previous researchers focus-
ing on biomedical applications. Also, the review gives
some insights of PNVCL nanocomposites properties that
would influence the market of drug delivery and pharmacy
system.
2. THERMORESPONSIVE POLYMERS
Among various environmental stimuli, the temperature
is most commonly studied due to its physiological sig-
nificance. Therefore, for biomedical applications, the
thermoresponsive feature is one of the most concen-
trated stimuli responsivities.29 The polymer in the solu-
tion can be described for two-phase diagrams namely,
temperature and concentration as a function as shown
in Figure 1.30–32 The upper critical solution tempera-
ture (UCST) and the lower critical solution temperature
(LCST) are the two types of the phase diagrams. This
means that when the temperature is increasing, the tran-
sition between the two-phase and single-phase regions
occurs, and the (UCST) can be recognized at that point.
At the same time, the decreasing temperature between
Fig. 1. UCST and LCST referring the two graphical performances of phase diagrams (T is temperature,  is the weight fraction of polymer in
solution).32
the single- and two-phase LCST at this transition also
appear.
The UCST of the polymers dissolved in an organic sol-
vent is more prevalent compared to the LCST dissolved
in aqueous solvents that are observed recently. For poly-
meric drug delivery systems which are being focused in
this article, the lower critical solution temperature (LCST)
of aqueous polymer solutions is applicable. A general rule
was introduced by Ref. [33]: at all temperatures, the poly-
mer which is soluble in water is synthetically increas-
ingly hydrophobic, prior complemented water insolubility
is achieved. Meanwhile, a range of compositions will get
it, which will have temperature converse solubility, and the
higher hydrophobic, the lower the LCST.
In this review, most of the studies have discussed
polymers that present an LCST. A classical thermore-
sponsive material known as Poly(N-isopropylacrylamide)
(PNIPAM) is a volume phase transition temperature.
On the other hand, an intense phase transition close
to body temperature at 37 C is utilized to control
drug delivery systems.22–25 However, the potential advan-
tage of PNIPAM was limited because of the unwanted
neurotoxin.34 To handle this issue, an authoritative strat-
egy is used to manufacture more biocompatible and envi-
ronment responsive polymers. Poly(N-vinylcaprolactam)
(PNVCL) has been proven to become incipient drug carrier
due to identical change of the temperature and mesh sizes
dependent volume phase transition of the gel network.
3. THERMORESPONSIVE POLY(N-VINYL
CAPROLACTAM)
The generality reported the most commonly studied ther-
moresponsive polymer in aqueous solution is Poly(N-vinyl
caprolactam), PNVCL due to being close to the temper-
ature after of PNIPAM. PNVCL fits the group of poly-
N-vinylamide polymers as it is water-soluble, a non-ionic,
and when at almost 32 C has the LCST value in an aque-
ous solution.35 Therefore, PNVCL breaks down the tem-
perature near to the physiological temperature, which is
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considered to be appropriate for biomedical applications.
The known toxicity, water solubility, and identical LCST
resemble the properties of PNVCL and PNIPAM. How-
ever, they are different in several aspects.36 These differ-
ences can be found in the thermodynamics of the phase
transition and the mechanisms. Also, the LCST of PNVCL
dropped with the increasing concentration of both of the
polymer and chain length, which means by controlling the
molecular weight of the polymer, its lower critical solu-
tion temperature (LCST) could be modified.37 Moreover,
under intensive acidic conditions, the PNIPAM hydrolysis
would produce a toxic organic amine compound, which
is unfavorable for the biomedical purpose.38 In con-
trast, PNVCL in the same condition will solely produce
a polymeric carboxylic acid rather than toxic organic
amine compound, as in the case of PNIPAM. PNVCL
has hydrophilic cyclic amide side groups that are imme-
diately attached to the hydrophobic carbon–carbon main
chain.
The LCST of the PNVCL ranged from 32 C to 50 C
as shown in Table I. LCST dropped with the increas-
ing polymer molecular weight in the range of 18000–
150000 g ·mol−1. Thus, this exclusive feature modifies
the LCST of a PNVCL-based thermoresponsive system by
controlling the molecular weight on the other side of the
PNIPAM independent on the molecular weight.39
Although PNIPAM is less familiar, several char-
acteristics and applications of PNVCL in the field
of biotechnology and biomedicine were studied.42–45
Through the assistance of PNVCL, the stability of
enzymes was increased and enzyme immobilization was
achieved by protecting the enzymes from denaturation
by entrapment.424346 In the 1960’s, PNVCL was uti-
lized in multi-layered glass materials as a separation
material in specific membranes and as an ingredient
in the wound-healing film.47 For controlled delivery
applications, researchers have studied the self-assembling
Table I. Comparison between PNIPAM and PNVCL.
PNIPAM PNVCL
Thermoresponsiveness
LCST 30–34 C40 32–50 C40
Dependence on
molecular
weight
Independent Dependent
(18000–150000 gmol−1
Flory–Huggins
phase-change
Type I Type II
Polymerization and polymers
CRP techniques Well-established Few
Well-defined
copolymers
Lots Few
Biocompatibility
In vitro
cytotoxicity
None (before hydrolysis) None (before hydrolysis)
Toxic (after hydrolysis) None (after hydrolysis)
In vivo toxicity Systemic toxicity Not yet reported
Detected41
thermoresponsive containers which are contagious of slim
films of PNVCL that are settled onto porous support mem-
branes. Recently, with the aid of PNVCL’s selective deter-
mination, some of the opiate drugs in aqueous media has
been achieved.48 Consequently, PNVCL is particularly
interesting due to the reality that it is biocompatible and
very stable versus hydrolysis and is a better choice when
used to prepare for a potential carrier for the biomedical
application.3449
4. SYNTHESIS OF PNVCL POLYMERS
4.1. Free Radical (FR) Polymerization
Radical polymerization is the only polymerized tech-
nique to synthesize the NVCL monomer.50 A mutual
approach of polymerization is free radical polymerization
(FRP), which polymer forms was achieved via the con-
secutive extension of free radical structure blocks. This
technique can be described as applicable under temperate
conditions and unpretentious performance. Moreover, the
advantage of FRP is that it does not demand advanced
equipment and can be performed in a broad temperature
range in dispersion, bulk, and solution. Initiation, propa-
gation, and termination are the major steps for FRP pro-
cess of PNVCL.5051 Azoisobutylnitrile (AIBN) is one of
the most commonly utilized initiators used to polymer-
ize PNVCL and produces nitrogen gas and two radicals
across heating. The production of the initial propagat-
ing type involves the radicals that are added to NVCL
monomers. The alternate addition of a major quantity of
NVCL monomer to the primary active radical center refers
to the propagation procedure, which is usually considered
as a very fast step. Every addition yields a neoteric active
radical which is more than one monomer unit. Later the
termination step starts with irreversible termination on the
growth of the polymer chain.
Having a filtered NVCL monomer blended with AIBN
and melted subsequently in an organic solvent, which is
almost e benzene or dioxane at high temperatures, the syn-
thesis of PNVCL will be a typical Free radical polymer-
ization (FRP). Different molecular weights of PNVCL can
be prepared by using a variety of solvent, a different value
of initiator and temperature range. The molecular weights
of PNVCL can be accessible from 20 k to 1300 k and
the range molecular weight distribution PNVCL from 1.4
to 2.0.52 The polymers synthesized via FRP display a
comparatively wide molecular weight distribution because
of the continuous initiation and termination steps. The
difficulty in prediction and minimal control of molecu-
lar weights has indicated several limitations of the FRP
approach. The synthesis of block copolymers is impos-
sible when the alternate addition of a second monomer
onto the first polymer cannot find the effective radicals of
the polymer ends. It also improves the controlled poly-
merization approaches as it is a prerequisite to composing
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PNVCL polymers with the ability to control architecture
and molecular weights.495354
4.2. Reversible Addition Fragmentation Chain
Transfer (RAFT) Polymerization
The expression of monitoring free radical polymerization
(MRP) or the so-called living radical polymerization is
described as the free radical polymerization that creates
effective end-series on the polymer bonds.55–57 Novel
mechanism of MRP requires reducing the ending reaction
and supply observation to the molecular weight and its
allocation of a polymer. Moreover, the MRP method com-
bines many of the desired features of classical free radical
polymerization such as surface reaction conditions, possi-
bility of many operations, and approved with a variety of
monomers.58
The synthesis of PNVCL by RAFT was firstly reported
by Ref. [52], in which these polymers include weak
molecular weight with approximate amount around 4 k to
11 k and high molecular weight distribution further than
1.3. Recently, the MADIX/RAFT process has obtained
PNVCL with accurate molecular weight distributions by
using ideal chain-transfer agents (CTAs) and reaction con-
ditions. The polymerization of NVCL by AIBN as initiator
and O-ethyl-S-(1-methoxycarbony) ethyl dithiocarbonate
(CTA1) as the RAFT agent could successfully be achieved
in 1,4-dioxane at 60 C.59
The reaction equation and structure of CTA1 are shown
in Figure 2. For the polymerization of NVCL, a rise
of quantity rate of molecular weight with conversion
has observed the ratio of monomer to CTA1 via using
refractive index detector with gel permeation chromatog-
raphy. The yield and the reaction time are relatively
effective to the molecular weight of PNVCL. The molec-
ular weight of production was raised when the conver-
sion of the monomer was enhanced when compared to the
yield. Hence, the product was influenced by the molecular
weight, reaction duration, and mutation of the monomer
which can be controlled via modifying the reaction time.
When all the monomers were used and modified to the
polymer, the molecular weight of the yiels ded promptly
concerned to the molar ratio of the monomer to the
RAFT agent. As a consequence, the molecular weight
of PNVCL can control the polymerization by control-
ling the input amount of the monomer to the RAFT
agent.
Fig. 2. RAFT polymerization of PNVCL.59
5. SIGNIFICANCE AND BASIC
PROPERTIES OF PNVCL
Great attention had the water-soluble polymers with
LCST owing to their possible application in biotechnol-
ogy and biomedicine. Cheng et al.60 utilized the radiation
polymerization to the synthesis of N-vinyl caprolactam
(NVCL) which was attained in a very high productivity
and had perfect thermo-sensibility. Controlling the phase
behavior of PNVCL in the adsorption from solution and
aqueous solutions can manipulate the colloid stability of
silica reversibly. Qiu et al. conducted survey experiments
on the phase behavior and absorption of the aqueous solu-
tions of poly(vinyl caprolactam) (PNVCL), and it con-
cerned with the stability of silica dispersions.61 At low
pH, an associated rapid flocculation of the dispersion
and a large increase in adsorption were observed dur-
ing the elevation of the temperature above the LCST of
PNVCL.
At the same area,62 searched for solid–liquid separa-
tion through coagulation and flocculation which indicated
a significant stage of many technological processes. The
authors used PNVCL instead of PNIPAM in their investi-
gation as it is a biocompatible polymer and compared to
the flocculation efficiency of chitosan and combinations of
chitosan-PNVCL, it also used Aerosil OX50 dispersions as
flocculants and temperature, followed by the concentration
of the polymers as a function. The temperature of the sen-
sitive bio-compatible PNVCL in a combination with the
biodegradable polyelectrolyte chitosan granted a compact
residue at temperatures higher than the LCST temperature
of 45 C and the density of the sediment is 33% higher
compared to the use of CH2500 only. Through employing
this strategy, the sediment was more compact, contains had
less water, and a slight amount of biodegradable CH2500
and biocompatible PNVCL.
The coil-globule transition is one of the motivating
phenomena occurring in polymer systems, which has
been extensively studied for the last three decades.63
Makhaeva et al. studied a modern triple system containing
poly(vinylcaprolactam) and used the dynamic light scat-
tering technique to look at the behavior of PNVCL in the
water.64 The comparison of notorious experiments per-
formed on PNIPAM was investigated, offering a clearer
view of the global features for the ternary systems through
a neutral thermoresponsive polymer.
6. APPLICATIONS
Poly(N-vinylcaprolactam) has attracted the attention over
the past couple of decades because of its biocompat-
ible and biodegradable features. Table II outlines the
recent significant utilization of PNVCL in biomedical,
bioanalytical, catalytic, and environmental applications.
In the biomedical applications, PNVCL has been success-
fully applied for entrapment of various enzymes as well
Mater. Express, Vol. 8, 2018 25
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Table II. Summary of thermoresponsive poly(N-vinylcaprolactam) application.
Poly(N-vinylcaprolactam)
application Fields Example Reference
Biomedical applications Entrapment of
enzymes
Gel-immobilized enzymes as promising biocatalysts: Results
from Indo-Russian collaborative studies
[66]
Entrapment of cells Studies on the suitability of alginate-entrapped chlamydomonas
reinhardtii cells for sustaining nitrate consumption processes
[67]
Tissue engineering Initiated chemical vapor deposition of thermoresponsive
poly(N-vinylcaprolactam) thin films for cell sheet engineering
[68]
Affinity
chromatography
Polymer versus monomer as displacer in immobilized metal
affinity chromatography
[69]
Bioanalytical applications Displacement
chromatography
Effect of synthetic polymers, poly(N-vinyl pyrrolidone) and
poly(N-vinyl caprolactam), on elution of lactate dehydrogenase
bound to Blue Sepharose
[70]
Membrane
chromatography
Track etched membranes with thermoadjustable porosity and
separation properties by surface immobilization of
poly(N-vinylcaprolactam)
[47]
Bioseparation Protein-like copolymers: Effect of polymer architecture on the
performance in bioseparation process
[71]
Sensors Poly(N-vinylcaprolactam) gel/organic dye complexes as sensors
for metal ions in aqueous salt solutions
[72]
Fluorescent
thermometer
Fluorescent thermometer based on poly(N-vinylcaprolactam) with
2D--A type pyran-based fluorescent dye
[73]
Magnetic resonance
(MR) imaging
clinical technology
Gadolinium-loaded poly(N-vinylcaprolactam) nanogels:
Synthesis, characterization, and application for enhanced tumor
MR imaging
[74]
Nanotechnology/catalytic
applications
Stimuli-responsive and biocompatible
poly(N-vinylcaprolactam-co-acrylic acid)-coated iron oxide
nanoparticles by nanoprecipitation technique
[75]
Catalytic and environmental Flocculation Flocculation of a synthetic rubber latex with homopolymers and
copolymers of N-vinylcaprolactam and N-vinylimidazoles
[76]
applications
Waste water
treatment
Effective systems based on hydrophilic polymers for extraction of
phenols from aqueous solutions
[77]
Dental applications Synthesis and characterization of a novel
N-vinylcaprolactam-containing acrylic acid terpolymer for
applications in glass-ionomer dental cements
[78]
Other applications Cosmetics The role of polymers in cosmetics: Recent trends [79]
Fiber formation Tunable thermo-responsive poly(N-vinylcaprolactam) cellulose
nanofibers: Synthesis, characterization, and fabrication
[80]
as for animal cell immobilization.65 Also, the technol-
ogy of environment-responsive membrane is becoming an
attraction in bioanalytical applications. Wouter et al.,47
prepared a thermo-responsive (PNVCL-PET) membrane
composite from poly(ethylene-terephtalate) to a separation
of a macromolecular mixture.
Hydrogels can be recognized as a class of materials
that exhibit a three-dimensional and elastic network, which
is formed from hydrophilic copolymers or homopoly-
mers crosslinked chemically or physically to form insolu-
ble polymer matrices.81 Since Wichterle and Lim firstly
investigated a hydrogel for a contact lens in the biolog-
ical application in 1960, a significant attention on the
polymers has been achieved which is used for synthesis
and fabrication of hydrogels in various applications.82
In aqueous solutions, the hydrogel mechanism has the abil-
ity for swelling or deswelling, therefore, it is used vastly in
the pharmaceutical industry. A specific stimulus like tem-
perature is utilized to form the physical hydrogels alterna-
tive of the covalent crosslinking of a precursor solution.83
Particularly, thermoresponsive hydrogels are suitable in
biomedical applications due to their gelation and changes
in swelling by temperature change.84
However, a major number of organic crosslinker poly-
mer hydrogels show poor mechanical properties which
lead to random nature of the cross-linking reactions, which
robustly reduce their utility in structural applications. Vari-
ous nanofillers such as metals,85 ceramics,86 silicates,87
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Table III. Compendium of the novel substantial studies on the poly(N-vinyl caprolactam) PNVCL for pharmaceutical and biomedical applications.
Polymer composition Drug loaded Application Reference
PNVCL-sodium itaconate Hydrogels Farmazin (tylosine
tartrate)
Drug controlled release [98]
PVCL-graft-C11EO42 Hydrogel particles Nadolol, propranolol, and
ketoprofen
controlled drug delivery [99]
Chitosan-g-PNVCL Hydrogels – Drug-delivery carrier [100]
Block copolymer
PNVCL-b-PEG-FA
Hydrogels 5-fluorouraci (5-FU) The anti-cancer drug carrier [101]
PVCL-NH2/PMAA Hydrogel films capsules – Controlled drug delivery [102]
Poly(PVCL) Microgels Doxorubicin (DOX) Anticancer drug-controlled
release
[103]
P(VCL-co-NaAlg) Microgels 5-fluorouraci (5-FU) Colon cancer drug controlled
release
[104]
Graft copolymer
PAA-g-PNVCL
Hydrogels Ornidazole (ONZ) Controlled drug release [105]
GO-PVCL Hydrogels Camptothecin (CPT) Controlled drug delivery [106]
Poly(VCL-co-UA) Microgels Doxorubicin Anticancer drug-controlled
release
[107]
SA/poly(Am-co-NVC-co-
AGA)
Hydrogel nanocomposites 5-fluorouraci (5-FU) Controlled
release/Antibacterial
[108]
Gold@PVOH-b-PNVCL Hydrogel nanocomposites Nadolol Controlled drug release [109]
HPCL-click-PNVCL Hydrogel films – Controlled drug delivery [110]
Glycopolymer
(P(OVNG-co-NVCL))
Hydrogel nanocomposites Ferulic acid (FA) Targeted drug delivery [111]
5-FU/Meg-fib-graft-PNVCL Nanogels 5-fluorouraci (5-FU)
Megestrol acetate (Meg)
Breast Cancer
drug-controlled release
[112]
P(VCL-ketal-HPMA) Nanogels Doxorubicin (DOX) Anticancer drug-controlled
release
[113]
Poly(NVCcoDMAEMA) Nanogels 5-fluorouraci (5-FU) Targeted drug delivery [114]
Poly(NVCL-co-HEMA) Nanogels Curcumin Targeted drug delivery [115]
PNVCL-PEGMA Nanohydrogels 5-fluorouraci (5-FU) Controlled drug release [116]
-Copolymer
[p(VCL-co-MMANa)] and
[p(VCL-co-IANa)]
Microgels -Rhodamine B (RhB) Drug release [117]
-Terpolymer [p(VCL-co-
MMANa-coIANa)]
-Nadalol (beta-blocker drug)
graphene,8889 and, magnetic particles26 were integrated
into the hydrogel matrices for gaining the identical
nanocomposites. Nowadays, the use of natural fibers as
fillers in polymer nanocomposites has obtained much
solicitude due to an incremental motivation toward envi-
ronmental issues.90 Among natural fibers,91 represents
nanocrystalline cellulose as appropriate filler for hydrogels
due to its perfect renewability and mechanical properties.
They used frontal polymerization technique characteriza-
tion (FP) to the green synthesis of PNVCL with bio-
compatible materials nanocrystalline cellulose. After the
characterization of phase transition behavior of PNVCL
nanocomposites showing an LCST ranged at 33–34 C,
this value is nearer to the physiological look like PNIPAM
itself. By using nanocrystalline cellulose, the nanocompos-
ites becomes safer and cheaper and should be preferred
particularly in biomedical applications.
New materials producing polymeric biomaterials with
enhanced mechanical properties, biocompatibility, and
responsiveness were what the recent research focused on
this novel. Polymeric biomaterials are used in the medical
field, which involves tissue engineering, dental implants,
polymer-coated stents, controlled drug delivery systems,
artificial organs, coatings of tablets, and sutures.9293
Through synthesizing newly polymeric materials with
coveted properties, this will be the pioneer toward the
development of polymeric therapeutic devices. Table III
summarizes the significant studies on PNVCL for biomed-
ical applications.
The microgels based on temperature-sensitive polymers
have been in the global attention due to their potential
use for the biomedical application.94–97 The preparation
of hydrogels containing Farmazin (tylosine tartrate) as
an immobilized antimicrobial agent and vinyl capro-
lactam sodium itaconate as copolymer was studied by
Ref. [98] to provide the release of the drug controlled
by the ambient temperature. The phase transition tem-
perature behavior shifted 2.5 C to lower temperatures,
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due to hydrogen bonding of the lactam oxygen atom of
the polymer to amino groups of tylosine tartrate con-
trast to the gel without the drug. In 2007, the ther-
moresponsive Poly(N-vinylcaprolactam) was studied for
pharmaceutical applications. The phase of the transition
temperature of PNVCL was near the physiological tem-
perature, thus Vihola et al., research it was considered as
a potential nominee for pharmaceutical use; experimental
studies included preparation and characterization of drug
loaded.
For cancer treatment, PNVCL has been widely used
due to its cytocompatibility and facility of modification
with other functional molecules.94100104118–121 Stimuli-
responsive graft copolymer based on chitosan and PNVCL
was successfully synthesized by Ref. [100], through
utilizing grafting agents to graft carboxyl-terminated
PNVCL (PNVCL–COOH) chains on to chitosan back-
bone as controlled drug delivery carriers. The chitosan-
g-PNVCL showed dependent swelling behavior, which
makes them appropriate for stimuli-responsive delivery
of drugs. However, a novel type of thermoresponsive
PNVCL-b-PEG block copolymer coupled with folic acid
was prepared as an anti-cancer drug carrier synthe-
sized by Ref. [101]. In the anticancer field, the prepa-
ration of the PNVCL-based microgels using convenient
and environmentally friendly precipitation polymeriza-
tion was studied by Ref. [103]. To obtain a smart,
robust, biocompatible, and degradable drug carrier, the
incorporation of the disulfide-bonded crosslinker N ,N ′-
bis(acryloyl)cystamine (BAC) was done, which can release
anticancer drugs in response to redox potential, pH and
temperature.
In addition, a study on breast cancer was carried out by
Ref. [112], in which the feasibility of 5-fluorouracil (5-FU)
and Megestrol acetate (Meg) which loaded fibrinogen-
graft Poly(N-Vinyl caprolactam) nanogels (5-FU/Meg-fib-
graft-PNVCL NGs) was studied. The changes in hydrogen
bonding interaction between polymer carrier and drug
molecules in solution are the interpretation of this distin-
guished drug released above LCST due to the hydrophobic
hydration followed by high entropy changes. As depicted
in Figure 3, the hydrogen bonding of polymer carrier with
drug molecules would be weaker than their interaction
with water molecules.
Nowadays, the nanocomposites containing clay is
demanded in different utilizations. The main properties
of natural clay are hydrophilic, specific surface area,
rise adsorption capacity, swelling capacity, solubility,
and nonpoisonous for human, which have increased its
significance.122123 As the polymer nanocomposite field
specialists have started to be very interested in using
clay minerals, they revised the hydrophilic character on
organophilic to have a perfect dispersion of clay lay-
ers into the polymer matrix. This is to obtain a suc-
cessful intercalation of clay in the polymer matrix and
improve its mechanical and thermal properties. The revi-
sion should modify the clay minerals with organic com-
pounds while being used as a filler for different polymer
nanocomposites.103124 The researchers were interested
and aimed to prepare clay minerals intercalated by organic
compounds and use it as a filler for polymer composites.
Pazourkova et al. (2014) modified the montmorillonite and
vermiculite by adding the amount of monomer or poly-
mer of N-vinylcaprolactam and poly(N-vinylcaprolactam)
based on the cation exchange capacity (CEC) of each
clay with ethanol as a solvent.125 The intercalation was
mainly characterized by Fourier transform infrared spec-
troscopy (FTIR), X-ray powder diffraction (XRD), and
scanning electron microscopy (SEM). As a result, good
intercalation was observed. Also, the modified montmoril-
lonites were found smoother than the pure clay which is
rough.
In the controlling drug delivery area,111 studied the
fabrication of the Poly(6-O-vinyl-nonanedioyl-dgalactose-
co-N-vinylcaprolactam) (P(OVNG-co-NVCL)) thermore-
sponsive double-hydrophilic glycopolymer using a free
radical copolymerization and chemo enzymatic proce-
dure to obtain nanofibers via an electro spinning pro-
cess. During the polymerization process of the DHG
polymers, the molar fraction of galactose (OVNG)
monomer (NVCL) in the copolymers was set to achieve
the desired lower critical solution temperature (LCST)
between 32 C and 40 C. Aside to this, ferulic acid (FA)
loaded double-hydrophilic glycopolymer (DHG) nano-
fibers were prepared successfully. Therefore, P(OVNG-
co-NVCL) nanofibers may have a potential application
in the design of temperature controlled drug release
formulations.
Özkahraman et al. focused on the release behaviors and
drug loading of the microgels via precipitation polymeriza-
tion process.117 The procedure based on copolymeric and
terpolymeric microgels used N-vinylcaprolactam PNVCL,
metacrylic acid sodium salt, and its conic acid sodium
salt. Rhodamine B (RhB) and Nadolol were used as a
model drug. After that, these microgels were described
by colloidal properties determination, SEM technique and
cloud points determination. Hence, the volume phase tran-
sitions temperature obtained by cloud point experiments
was 32–37 C close to human temperature. SEM anal-
ysis successfully obtained and characterized the particle
size of microgel formation. As a result, the researchers
observed PNVCL based microgels appropriate for drug
delivery applications.
Based on poly(N-vinyl caprolactam-co-2dimethyl
aminoethylmethacrylate), Sudhakar et al.114 used the
same emulsion polymerization for the incorporation of
nanogels. In this study, a hydrophobic curcumin model
drug was encapsulated successfully during the polymer-
ization process. The nanogels showed more bioavailable,
thermoresponsive, high aqueous stability, and was useful
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Fig. 3. The plausible thermoresponsive released mechanism above LCST for the multi drugs from fib-graft-PNVCL NGs.112
to be targeted as a drug delivery application. Owing to the
biocompatibility, responsiveness, and stability of nanogels,
the nanogel platforms are better for the release and load-
ing of bioactive agents than other carriers126127 in vivo
destiny. This shows that the particle size of the nanogels
plays a decisive role in colloidal drug delivery systems.128
Therefore, it indicates a major importance for being effec-
tive and able to provide easy control over the particle size.
Other than that,129 fabricated poly(vinylcaprolactam)
PNCVL, thermoresponsive nanogels while being devel-
oped for drug delivery by sedimentation polymerization
in water. Meanwhile, synthetic N-(2-hydroxypropyl)
methacrylamide (HPMA) is available as a co-monomer
and ketal-based 2,2-dimethacroyloxy-1-ethoxypropane
(DMAEP) acts as a cross-linker. Furthermore, it also
depends on a miniature in the size of nanogels to increas-
ing the temperature evidence for volume phase transition
temperature (VPTT) with a maximum concentration of
HPMA. The nanogels present accelerated declination
profiles together with the combination of ketal link-
ages by decreasing the pH and increasing temperature.
Therefore, the temperature and pH of the environment
observed substantial position in the interpretation of the
nanogels.
Furthermore, the gold nanoparticles were investigated
extensively as a filler in the biomedical field due to its
low toxicity, multilateral surface functionality, and chemi-
cal stability.130131 These gold nanoparticles also utilized
metals as a filler, which was studied by Detrembleur
et al.26 to fabricate a novel type of thermorespon-
sive gold/poly(vinyl alcohol)-b-poly(N-vinylcaprolactam)
nanocomposite. They used in situ polymerization method
and decreased the gold salt inside the aqueous solution as
an active factor. The drug loading capacity, responsiveness
to temperature, released behaviors, and colloidal stabiliza-
tion were studied. As the ultimatum, the authors assured
that there was a utility and effectiveness of the gold in ther-
moresponsive copolymers in nanoparticles for controlled
delivery and release of drugs.
7. CONCLUSION
The significance of synthetic of thermoresponsive poly-
mers networks was aimed to extend the application
scope in biomedical applications. Although the number
of the articles on the developments in the investigation
of PNVCL is currently small compared to those research
about PNIPAM, PNVCL demonstrated an attractive feature
and utility of good biocompatibility. Thermoresponsive
polymers realizing the drug delivery prerequisite system
which is the provision of a sufficient concentration of drug
at the accurate time and site of action. In this perspec-
tive, several drugs, nucleic acids, and proteins have been
encapsulated in specific conditions and various release
mechanisms have been described. To design novel poly-
meric structures of PNVCL with the possibility to deter-
mine and control the factors that release biologically active
molecules, this study offers numerous opportunities to the
scientific community for influencing therapeutic systems
and flexible development. This is a future trend of which
massive advancement in drug delivery and material chem-
istry has been directed towards designing smart thermore-
sponsive polymers in utilizing well-engineered nanofillers
to obtain smart nanocomposite.
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LIST OF ABBREVIATIONS
PNVCL Poly(N-vinylcaprolactam)
PNIPAM Poly(N-isopropylacrylamide)
LCST Lower critical solution temperature
NVCL N-vinylcaprolactam
UCST Upper critical solution temperature
FP Frontal polymerization
C11EO42 poly(ethylene oxide)
5-FU 5-Fluorouraci
PEG Poly(ethylene glycol)
FA Folic acid
PMAA Poly methacrylamide
DOX Doxorubicin
AGA Acrylamidoglycolic acid
NH2 Aminopropyl
ONZ Ornidazole
PAA Polyacrylamide
CPT Camptothecin
GO Graphene oxide
UA Undecenoic acid
SA Sodium alginate
Am Acrylamide
AGA Acrylamidoglycolic acid
PVOH Poly(vinyl alcohol)
HPCL Poly(-caprolactone)
Meg Megestrol acetate
fib Fibrinogen
P(OVNG) 6-O-vinyl-nonanedioyl-D-galactose
HPMA N-(2-hydroxypropyl)methacrylamide
DMAEM 2-Dimethyl aminoethylmethacrylate
HEMA 2-Hydoxyethyl methacrylate
PEGMA Poly(ethylene glycol)methacrylate
MMANa Metacrylic acid sodium
IANa Itaconic acid sodium
RhB Rhodamine B
PNVCL–COOH Carboxyl-terminated poly(N-vinylcap-
rolactam)
BAC N ,N ′-bis(acryloyl)cystamine
NGs Nanogels
CEC Cation exchange capacity
FTIR Fourier transform infrared spectroscopy
XRD X-ray powder diffraction
SEM Scanning electron microscopy
DHG Double-hydrophilic glycopolymer
VPTT Volume phase transition temperature
FRP Free radical polymerization
AIBN Azoisobutylnitrile
RAFT Reversible Addition Fragmentation Chain
Transfer
MRP Monitoring free radical polymerization
MADIX Macromolecular design via the interchange of
xanthenes
CTAs Chain-transfer agents.
Acknowledgments: The authors would like to thank
the Universiti Malaysia Pahang for providing laboratory
facilities and financial support.
References and Notes
1. S. Peeterbroeck, M. Alexandre, R. Jérôme, and Ph. Dubois;
Poly(ethylene-co-vinyl acetate)/clay nanocomposites: Effect of clay
nature and organic modifiers on morphology, mechanical and
thermal properties; Polymer Degradation and Stability 90, 288
(2005).
2. A. Okada, A. Usuki, T. Kurauchi, and O. C. Y. C. Kamigaito;
Polymer-clay hybrids, Hybrid organic–inorganic composites; Pre-
sented at the ACS Symp. Ser. (1995), Chap. 6, pp. 55–65.
3. M. A. Osman, Vikas Mittal, M. Morbidelli, and U. W. Suter;
Polyurethane adhesive nanocomposites as gas permeation barrier;
Macromolecules 36, 9851 (2003).
4. M. A. Osman, Vikas Mittal, M. Morbidelli, and U. W. Suter;
Epoxy-layered silicate nanocomposites and their gas permeation
properties; Macromolecules 37, 7250 (2004).
5. Y. Bréchet, J.-Y. Cavaille, E. Chabert, L. Chazeau, R. Dendievel,
L. Flandin, and C. Gauthier; Polymer based nanocomposites: Effect
of filler-filler and filler-matrix interactions; Advanced Engineering
Materials 3, 571 (2001).
6. S. Pavlidou and C. D. Papaspyrides; A review on polymer-layered
silicate nanocomposites; Progress in Polymer Science 33, 1119
(2008).
7. L. W. Carter, J. G. Hendricks, and D. S. Bolley; U.S. Patent
No. 2,531,396; Washington, DC, US Patent and Trademark Office
(1950).
8. D. J. Greenland; Adsorption of polyvinyl alcohols by montmoril-
lonite; Journal of Colloid Science 18, 647 (1963).
9. K. Yano, A. Usuki, A. Okada, T. Kurauchi, and O. Kamigaito; Syn-
thesis and properties of polyimide-clay hybrid; Journal of Polymer
Science Part A: Polymer Chemistry 31, 2493 (1993).
10. Y. Kojima, K. Fukumori, A. Usuki, A. Okada, and T. Kurauchi; Gas
permeabilities in rubber-clay hybrid; Journal of Materials Science
Letters 12, 889 (1993).
11. R. A. Vaia, H. Ishii, and E. P. Giannelis; Synthesis and proper-
ties of two-dimensional nanostructures by direct intercalation of
polymer melts in layered silicates; Chemistry of Materials 5, 1694
(1993).
12. E. P. Giannelis, V. Mehrotra, and M. W. Russell; Intercalation
chemistry: A novel approach to materials design; MRS Online Pro-
ceedings Library Archive 180 (1990).
13. M. A. Osman, Vikas Mittal, and U. W. Suter; Poly(propylene)-
layered silicate nanocomposites: Gas permeation properties and
clay exfoliation; Macromolecular Chemistry and Physics 208, 68
(2007).
14. P. C. LeBaron, Z. Wang, and T. J. Pinnavaia; Polymer-layered sil-
icate nanocomposites: An overview; Applied Clay Science 15, 11
(1999).
15. L.-J. Chen, G.-Z. Zhao, B. Jiang, B. Sun, M. Wang, L. Xu, J. He,
Z. Abliz, H. Tan, X. Li, and H.-B. Yang; Smart stimuli-responsive
spherical nanostructures constructed from supramolecular metal-
lodendrimers via hierarchical self-assembly; J. Am. Chem. Soc.
136, 5993 (2014).
16. I.-J. Chin, T. Thurn-Albrecht, H.-C. Kim, T. P. Russell, and
J. Wang; On exfoliation of montmorillonite in epoxy; Polymer
42, 5947 (2001).
17. J. T. Kloprogge; Synthesis of smectites and porous pillared clay
catalysts: A review; Journal of Porous Materials 5, 5 (1998).
18. Mohammadreza Bagherzadeh and M. Ghasemi; Preparation of
polyaniline-clay nanoadditive and investigation on anticorrosion
performance in epoxy coating; Journal of Petroleum Science and
Technology 5, 1 (2015).
30 Mater. Express, Vol. 8, 2018
Delivered by Ingenta
IP: 117.202.24.50 On: Tue, 20 Feb 2018 11:09:13
Copyright: American Scientific Publishers
Materials ExpressPNVCL thermoresponsive polymer in novel drug delivery systems: A reviewMohammed et al.
R
eview
19. K. Haraguchi and T. Takada; Polymer-clay nanocomposite micro-
spheres and their thermosensitive characteristics; Macromolecular
Chemistry and Physics 215, 295 (2014).
20. Moumita Kotal and A. K. Bhowmick; Polymer nanocomposites
from modified clays: Recent advances and challenges; Progress in
Polymer Science 51, 127 (2015).
21. M. Okamoto; Recent advances in polymer/layered silicate
nanocomposites: An overview from science to technology; Materi-
als Science and Technology 22, 756 (2006).
22. K. Shimizu, H. Fujita, and E. Nagamori; Oxygen plasma-treated
thermoresponsive polymer surfaces for cell sheet engineering;
Biotechnol. Bioeng. 106, 303 (2010).
23. B. R. Twaites, C. de las Heras Alarcón, M. Lavigne, A. Saulnier,
S. S. Pennadam, D. Cunliffe, D. C. Górecki, and C. Alexander;
Thermoresponsive polymers as gene delivery vectors: Cell viabil-
ity, DNA transport and transfection studies; Journal of Controlled
Release 108, 472 (2005).
24. K. B. Doorty, T. A. Golubeva, A. V. Gorelov, Y. A. Rochev,
L. T. Allen, K. A. Dawson, W. M. Gallagher, and A. K. Keenan;
Poly(N-isopropylacrylamide) co-polymer films as potential vehicles
for delivery of an antimitotic agent to vascular smooth muscle cells;
Cardiovasc. Pathol. 12, 105 (2003).
25. R. A. Stile and K. E. Healy; Thermo-responsive peptide-modified
hydrogels for tissue regeneration; Biomacromolecules 2, 185
(2001).
26. J. Liu, C. Detrembleur, M. Hurtgen, A. Debuigne, M.-C. De Pauw-
Gillet, S. Mornet, E. Duguet, and C. Jerome; Thermo-responsive
gold/poly(vinyl alcohol)-b-poly(N-vinylcaprolactam) core-corona
nanoparticles as a drug delivery system; Polymer Chemistry 5, 5289
(2014).
27. Y. Maeda, T. Nakamura, and I. Ikeda; Hydration and phase behav-
ior of poly(N-vinylcaprolactam) and poly(N-vinylpyrrolidone) in
water; Macromolecules 35, 217 (2002).
28. N. A. Cortez-Lemus and A. Licea-Claverie; Poly(N-vinyl-
caprolactam), a comprehensive review on a thermoresponsive
polymer becoming popular; Progress in Polymer Science 53, 1
(2016).
29. M. A. Ward and T. K. Georgiou; Thermoresponsive polymers for
biomedical applications; Polymers 3, 1215 (2011).
30. S. Hocine and M.-H. Li; Thermoresponsive self-assembled polymer
colloids in water; Soft Matter 9, 5839 (2013).
31. M. Talelli, A. Duro-Castaño, G. Rodríguez-Escalona, and M. J.
Vicent; 11-Smart polymer nanocarriers for drug delivery; Smart
Polymers and their Applications, Woodhead Publishing, Sawston,
United Kingdom, Cambridge, United Kingdom (2014), p. 327.
32. M. Talelli and W. E. Hennink; Thermosensitive polymeric micelles
for targeted drug delivery; Nanomedicine 6, 1245 (2011).
33. M. M. Taylor and S. J. Lederman; Tactile roughness of grooved
surfaces: A model and the effect of friction; Perception and Psy-
chophysics 17, 23 (1975).
34. H. Vihola, A. Laukkanen, L. Valtola, H. Tenhu, and
J. Hirvonen, Cytotoxicity of thermosensitive polymers poly(N-iso-
propylacrylamide), poly(N-vinylcaprolactam) and amphiphilically
modified poly(N-vinylcaprolactam); Biomaterials 26, 3055
(2005).
35. J. Eric, E. D. Goddard, and V. G. James; Contents, Principles of
Polymer Science and Technology in Cosmetics and Personal Care,
CRC Press, Boca Raton, Florida, United States (1999).
36. K. Van Durme, S. Verbrugghe, F. E. Du Prez, and B. Van Mele;
Influence of poly(ethylene oxide) grafts on kinetics of LCST behav-
ior in aqueous poly(N-vinylcaprolactam) solutions and networks
studied by modulated temperature DSC; Macromolecules 37, 1054
(2004).
37. M. W. Jones, M. I. Gibson, G. Mantovani, and D. M. Haddleton;
Tunable thermo-responsive polymer–protein conjugates via a com-
bination of nucleophilic thiol–ene “click” and SET-LRP; Polymer
Chemistry 2, 572 (2011).
38. J. Ramos, A. Imaz, and J. Forcada; Temperature-sensitive nanogels:
Poly(N-vinylcaprolactam) versus poly(N-isopropylacrylamide);
Polymer Chemistry 3, 852 (2012).
39. M. Beija, J.-D. Marty, and M. Destarac; Thermoresponsive
poly(N-vinyl caprolactam)-coated gold nanoparticles: Sharp rever-
sible response and easy tunability; Chem. Commun. 47, 2826
(2011).
40. Arijit Gandhi, Abhijit Paul, S. O. Sen, and Kalyan Kumar Sen;
Studies on thermoresponsive polymers: Phase behaviour, drug
delivery and biomedical applications; Asian Journal of Pharmaceu-
tical Sciences 10, 99 (2015).
41. J. Liu, A. Debuigne, C. Detrembleur, and C. Jérôme;
Poly(N-vinylcaprolactam): A thermoresponsive macromolecule
with promising future in biomedical field; Advanced Healthcare
Materials 3, 1941 (2014).
42. E. E. Makhaeva, L. T. M. Thanh, S. G. Starodoubtsev, and A. R.
Khokhlov; Thermoshrinking behavior of poly(vinylcaprolactam)
gels in aqueous solution; Macromol. Chem. Phys. 197, 1973
(1996).
43. I. E˙. Kirsh and Y. E. Kirsh, Water Soluble Poly-N -Vinylamides:
Synthesis and Physicochemical Properties; John Wiley & Sons,
United State (1998).
44. Y. Gao, S. C. F. Au-Yeung, and C. Wu; Interaction between sur-
factant and poly(N-vinylcaprolactam) microgels; Macromolecules
32, 3674 (1999).
45. E. A. Markvicheva, N. E. Tkachuk, S. V. Kuptsova, T. N. Dugina,
S. M. Strukova, Yu. E. Kirssh, V. P. Zubov, and L. D. Rumish; Sta-
bilization of proteases by entrapment in a new composite hydrogel;
Appl. Biochem. Biotechnol. 61, 75 (1996).
46. S. Peng and C. Wu; Poly(N-vinylcaprolactam) microgels and
its related composites; Macromolecular Symposia 159, 179
(2000).
47. W. Lequieu, N. I. Shtanko, and F. E. Du Prez; Track etched mem-
branes with thermo-adjustable porosity and separation properties
by surface immobilization of poly(N-vinylcaprolactam); J. Membr.
Sci. 256, 64 (2005).
48. P. E. Kuznetsov1, A. M. Aparkin, V. A. Zlobin, G. V. Nazarov,
S. M. Rogacheva, A. A. Gracheva, and Z. A. Simonova; On the
possibility of using poly(N-vinylcaprolactam) for the determina-
tion of some drugs in aqueous media; Pharm. Chem. J. 37, 507
(2003).
49. P. Singh, A. Srivastava, and R. Kumar; Synthesis of amphiphilic
poly(N -vinylcaprolactam) using ATRP protocol and antibacterial
study of its silver nanocomposite; J. Polym. Sci. Part A: Polym.
Chem. 50, 1503 (2012).
50. S. F. Medeiros, J. Barboza, M. I. Re, R. Giudici, and A. M.
Santos; Solution polymerization of N-vinylcaprolactam in 1,4-
dioxane. Kinetic dependence on temperature, monomer, and initia-
tor concentrations; J. Appl. Polym. Sci. 118, 229 (2010).
51. A. C. W. Lau and C. Wu; Thermally sensitive and biocompatible
poly(N-vinylcaprolactam): Synthesis and characterization of high
molar mass linear chains; Macromolecules 32, 581 (1999).
52. D. Wan, Q. Zhou, H. Pu, and G. Yang; Controlled radical
polymerization of N-vinylcaprolactam mediated by xanthate or
dithiocarbamate; J. Polym. Sci. Part A: Polym. Chem. 46, 3756
(2008).
53. A. Kermagoret, C.-A. Fustin, M. Bourguignon, C. Detrembleur,
C. Jerome, and A. Debuigne, One-pot controlled synthesis of dou-
ble thermoresponsive N-vinylcaprolactam-based copolymers with
tunable LCSTs; Polymer Chemistry 4, 2575 (2013).
54. L. Shao, M. Hu, L. Chen, L. Xu, and Y. Bi; RAFT polymerization
of N-vinylcaprolactam and effects of the end group on the ther-
mal response of poly(N-vinylcaprolactam); React. Funct. Polym.
72, 407 (2012).
55. J. Ran, L. Wu, Z. Zhang, and T. Xu; Atom transfer radical poly-
merization (ATRP): A versatile and forceful tool for functional
membranes; Prog. Polym. Sci. 39, 124 (2014).
Mater. Express, Vol. 8, 2018 31
Delivered by Ingenta
IP: 117.202.24.50 On: Tue, 20 Feb 2018 11:09:13
Copyright: American Scientific Publishers
Materials Express PNVCL thermoresponsive polymer in novel drug delivery systems: A review
Mohammed et al.
R
ev
ie
w
56. A. Gregory and M. H. Stenzel; Complex polymer architectures via
RAFT polymerization: From fundamental process to extending the
scope using click chemistry and nature’s building blocks; Prog.
Polym. Sci. 37, 38 (2012).
57. P. B. Zetterlund, Y. Kagawa, and M. Okubo; Controlled/living rad-
ical polymerization in dispersed systems; Chem. Rev. 108, 3747
(2008).
58. G. Gaucher, M.-H. Dufresne, V. P. Sant, N. Kang, D. Maysinger,
and J.-C. Leroux; Block copolymer micelles: Preparation, charac-
terization and application in drug delivery; J. Controlled Release
109, 169 (2005).
59. X. Liang, Poly(N -vinylcaprolactam) Based Thermoresponsive
Nanostructured Materials; Doctoral Dissertation; University of
Alabama at Birmingham, Graduate School (2014).
60. S. C. Cheng, W. Feng, I. I. Pashikin, L. H. Yuan, H. C.
Deng, and Y. Zhou; Radiation polymerization of thermo-sensitive
poly(N-vinylcaprolactam); Radiat. Phys. Chem. 63, 517 (2002).
61. Q. Qiu, B. A. Pethica, and P. Somasundaran; Reversible floccula-
tion of silica across the phase boundary of poly(vinyl caprolactam)
in aqueous solution; Langmuir 21, 12096 (2005).
62. A. Licea-Claverie, S. Schwarz, C. Steinbach, S. M. Ponce-Vargas,
and S. Genest; Combination of natural and thermosensitive poly-
mers in flocculation of fine silica dispersions; International Journal
of Carbohydrate Chemistry 2013, Article ID 242684 (2013).
63. A. Yu. Grosberg, A. R. Khokhlov, H. E. Stanley, A. J. Mallinckrodt,
and S. McKay; Statistical physics of macromolecules; Computers
in Physics 9, 171 (1995).
64. E. E. Makhaeva, H. Tenhu, and A. R. Khokhlov; Conformational
changes of poly(vinylcaprolactam) macromolecules and their com-
plexes with ionic surfactants in aqueous solution; Macromolecules
31, 6112 (1998).
65. N. A. Cortez-Lemus and A. Licea-Claverie, Poly(N-vinyl-
caprolactam), a comprehensive review on a thermoresponsive poly-
mer becoming popular; Prog. Polym. Sci. 53, 1 (2016).
66. E. A. Markvicheva, V. I. Lozinsky, Fatima M. Plieva, K. A.
Kochetkov, L. D. Rumsh, V. P. Zubov, J. Maity, Rajesh Kumar,
Virinder S. Parmar, and Y. N. Belokon; Gel-immobilized enzymes
as promising biocatalysts: Results from Indo-Russian collaborative
studies; Pure Appl. Chem. 77, 227 (2005).
67. C. Vílchez, I. Garbayo, E. Markvicheva, F. Galván, and R. León;
Studies on the suitability of alginate-entrapped chlamydomonas
reinhardtii cells for sustaining nitrate consumption processes;
Bioresour. Technol. 78, 55 (2001).
68. B. Lee, A. Jiao, S. Yu, J. B. You, D.-H. Kim, and S. G.
Im; Initiated chemical vapor deposition of thermoresponsive
poly(N-vinylcaprolactam) thin films for cell sheet engineering; Acta
Biomaterialia 9, 7691 (2013).
69. P. Arvidsson, A. E. Ivanov, I. Yu. Galaev, and B. Mattiasson; Poly-
mer versus monomer as displacer in immobilized metal affinity
chromatography; Journal of Chromatography B: Biomedical Sci-
ences and Applications 753, 279 (2001).
70. I. Yu. Galaev and B. Mattiasson; Effect of synthetic poly-
mers, poly(N-vinyl pyrrolidone) and poly(N-vinyl caprolactam), on
elution of lactate dehydrogenase bound to blue sepharose; J. Chro-
matogr. A 648, 367 (1993).
71. P.-O. Wahlund, I. Galaev, S. A. Kazakov, V. I. Lozinsky, and
B. Mattiasson; Protein-like copolymers: Effect of polymer architec-
ture on the performance in bioseparation process; Macromolecular
Bioscience 2, 33 (2002).
72. I. R. Nasimova, E. E. Makhaeva, and A. R. Khokhlov;
Poly(N-vinylcaprolactam) gel/organic dye complexes as sensors for
metal ions in aqueous salt solutions; J. Appl. Polym. Sci. 81, 3238
(2001).
73. E.-M. Lee, S.-Y. Gwon, B.-C. Ji, J.-S. Bae, and S.-H. Kim; Fluores-
cent thermometer based on poly(N-vinylcaprolactam) with 2D--
A type pyran-based fluorescent dye; Fibers and Polymers 12, 288
(2011).
74. W. Sun, S. Thies, J. Zhang, C. Peng, G. Tang, M. Shen, A. Pich, and
X. Shi; Gadolinium-loaded poly(N-vinylcaprolactam) nanogels:
Synthesis, characterization, and application for enhanced tumor MR
imaging; ACS Applied Materials and Interfaces 9, 3411 (2017).
75. S. F. Medeiros, B. R. Lara, P. F. M. Oliveira, R. M. Moraes,
G. M. Alves, Abdelhamid Elaissari, and A. M. Santos; Stimuli-
responsive and biocompatible poly(N-vinylcaprolactam-co-acrylic
acid)-coated iron oxide nanoparticles by nanoprecipitation tech-
nique; J. Colloid Sci. Biotechnol. 2, 180 (2013).
76. G. V. Shatalov, V. N. Verezhnikov, E. V. Churilina, V. A. Kuznetsov,
and T. N. Poyarkova, Flocculation of a synthetic rubber latex
with homopolymers and copolymers of N-vinylcaprolactam and
N-vinylimidazoles; Russ. J. Appl. Chem. 76, 1839 (2003).
77. E. V. Churilina, P. T. Sukhanov, Ya. I. Korenman, and G. V.
Shatalov; Effective systems based on hydrophilic polymers for
extraction of phenols from aqueous solutions; Russ. J. Appl. Chem.
83, 1054 (2010).
78. Alireza Moshaverinia, N. Roohpour, Jawwad A. Darr, and
Ihtesham U. Rehman; Synthesis and characterization of a novel
N-vinylcaprolactam-containing acrylic acid terpolymer for applica-
tions in glass-ionomer dental cements; Acta Biomaterialia 5, 2101
(2009).
79. R. Y. Lochhead; The Role of Polymers in Cosmetics: Recent
Trends, ACS Publications, United States (2007).
80. M. Webster, J. Miao, B. Lynch, D. Green, R. Jones-Sawyer,
R. J. Linhardt, and J. Mendenhall; Tunable thermo-responsive
poly(N-vinylcaprolactam) cellulose nanofibers: Synthesis, charac-
terization, and fabrication; Macromolecular Materials and Engi-
neering 298, 447 (2013).
81. F. Zhao, D. Yao, R. Guo, L. Deng, A. Dong, and J. Zhang; Compos-
ites of polymer hydrogels and nanoparticulate systems for biomedi-
cal and pharmaceutical applications; Nanomaterials 5, 2054 (2015).
82. A. S Hoffman; Hydrogels for biomedical applications; Advanced
Drug Delivery Reviews 64, 18 (2012).
83. D. A. Cardoso, J. J. J. P. Van Den Beucken, L. L. H. Both,
J. Bender, J. A. Jansen, and S. C. G. Leeuwenburgh; Gelation and
biocompatibility of injectable Alginate–Calcium phosphate gels for
bone regeneration; Journal of Biomedical Materials Research Part
A 102, 808 (2014).
84. L. Klouda; Thermoresponsive hydrogels in biomedical applications:
A seven-year update; European Journal of Pharmaceutics and Bio-
pharmaceutics 97, 338 (2015).
85. M. A. C. Stuart; Supramolecular perspectives in colloid science;
Colloid. Polym. Sci. 286, 855 (2008).
86. Z. Oleksandra, K. Veronika, L. Xing, K. Nuwan, A. C. Shane,
D. Amala, and K. Eugenia; Temperature-responsive properties of
poly(N-vinylcaprolactam) multilayer hydrogels in the presence of
Hofmeister anions; Materials Research Express 1, 035039 (2014).
87. E. Loizou, P. Butler, L. Porcar, E. Kesselman, Y. Talmon,
A. Dundigalla, and G. Schmidt; Large scale structures in nanocom-
posite hydrogels; Macromolecules 38, 2047 (2005).
88. V. Alzari, D. Nuvoli, S. Scognamillo, M. Piccinini, E. Gioffredi,
G. Malucelli, S. Marceddu, M. Sechi, V. Sanna, and A. Mariani;
Graphene-containing thermoresponsive nanocomposite hydrogels
of poly(N-isopropylacrylamide) prepared by frontal polymeriza-
tion; J. Mater. Chem. 21, 8727 (2011).
89. R. Sanna, E. Fortunati, V. Alzari, D. Nuvoli, A. Terenzi, M. F.
Casula, J. M. Kenny, and A. Mariani; Poly(N-vinylcaprolactam)
nanocomposites containing nanocrystalline cellulose: A green
approach to thermoresponsive hydrogels; Cellulose 20, 2393 (2013).
90. M. J. John and S. Thomas; Biofibres and biocomposites; Carbo-
hydr. Polym. 71, 343 (2008).
91. R. Sanna, E. Fortunati, V. Alzari, D. Nuvoli, A. Terenzi, M. F.
Casula, J. M. Kenny, and A. Mariani; Poly(N-vinylcaprolactam)
nanocomposites containing nanocrystalline cellulose: A green
approach to thermoresponsive hydrogels; Cellulose 20, 2393
(2013).
32 Mater. Express, Vol. 8, 2018
Delivered by Ingenta
IP: 117.202.24.50 On: Tue, 20 Feb 2018 11:09:13
Copyright: American Scientific Publishers
Materials ExpressPNVCL thermoresponsive polymer in novel drug delivery systems: A reviewMohammed et al.
R
eview
92. R. Langer and N. A. Peppas; Advances in biomaterials,
drug delivery, and bionanotechnology; AIChE Journal 49, 2990
(2003).
93. E. S. Gil and S. M. Hudson; Stimuli-reponsive polymers and their
bioconjugates; Prog. Polym. Sci. 29, 1173 (2004).
94. M. Beija, J.-D. Marty, and M. Destarac; Thermorespon-
sive poly(N-vinyl caprolactam)-coated gold nanoparticles: Sharp
reversible response and easy tunability; Chem. Commun. 47, 2826
(2011).
95. E. Çakal and S. Çavus¸; Novel poly(N-vinylcaprolactam-co-
2-(diethylamino)ethyl methacrylate) gels: Characterization and
detailed investigation on their stimuli-sensitive behaviors and net-
work structure; Ind. Eng. Chem. 49, 11741 (2010).
96. Ainara Imaz and J. Forcada; N-vinylcaprolactam-based microgels:
Effect of the concentration and type of cross-linker; J. Polym. Sci.,
Part A: Polym. Chem. 46, 2766 (2008).
97. A. Koniger, N. Plack, W. Kohler, M. Siebenburger, and
M. Ballauff; Thermophoresis of thermoresponsive polystyrene-
poly(N-isopropylacrylamide) core–shell particles; Soft Matter.
9, 1418 (2013).
98. R. M. Iskakov, S. V. Sedinkin, G. K. Mamytbekov, E. O.
Batyrbekov, E. A. Bekturov, and B. A. Zhubanov; Con-
trolled release of farmazin from thermosensitive gels based
on poly(N-vinylcaprolactam); Russ. J. Appl. Chem. 77, 339
(2004).
99. H. Vihola, A. Laukkanen, H. Tenhu, and J. Hirvonen; Drug release
characteristics of physically cross-linked thermosensitive poly(N-
vinylcaprolactam) hydrogel particles; J. Pharm. Sci. 97, 4783
(2008).
100. Mani Prabaharan, J. J. Grailer, D. A. Steeber, and S. Gong; Stimuli-
responsive chitosan-graft-poly(N-vinylcaprolactam) as a promising
material for controlled hydrophobic drug delivery; Macromolecular
Bioscience 8, 843 (2008).
101. M. Prabaharan, J. J. Grailer, D. A. Steeber, and S. Gong;
Thermosensitive micelles based on folate-conjugated poly(N-
vinylcaprolactam)-block-poly(ethylene glycol) for tumor-targeted
drug delivery; Macromol. Biosci. 9, 744 (2009).
102. X. Liang, V. Kozlovskaya, Y. Chen, O. Zavgorodnya, and
E. Kharlampieva; Thermosensitive multilayer hydrogels of poly(N-
vinylcaprolactam) as nanothin films and shaped capsules; Chem.
Mater. 24, 3707 (2012).
103. Y. Wang, J. Nie, B. Chang, Y. Sun, and W. Yang;
Poly(vinylcaprolactam)-based biodegradable multiresponsive
microgels for drug delivery; Biomacromolecules 14, 3034
(2013).
104. K. Madhusudana Rao, B. Mallikarjuna, K. S. V. Krishna Rao,
S. Siraj, K. Chowdoji Rao, and M. C. S. Subha; Novel thermo/pH
sensitive nanogels composed from poly(N-vinylcaprolactam) for
controlled release of an anticancer drug; Colloids and Surfaces B:
Biointerfaces 102, 891 (2013).
105. Dipankar Das and Sagar Pal; Modified biopolymer-dextrin based
crosslinked hydrogels: Application in controlled drug delivery; RSC
Advances 5, 25014 (2015).
106. Thangavelu Kavitha, I.-K. Kang, and S.-Y. Park; Poly(N-vinyl
caprolactam) grown on nanographene oxide as an effective
nanocargo for drug delivery; Colloids and Surfaces B: Biointerfaces
115, 37 (2014).
107. S. Lou, S. Gao, W. Wang, M. Zhang, Q. Zhang, C. Wang,
C. Li, and D. Kong; Temperature/pH dual responsive microgels of
crosslinked poly(N-vinylcaprolactam-co-undecenoic acid) as bio-
compatible materials for controlled release of doxorubicin; J. Appl.
Polym. Sci. 131, 41146 (2014).
108. P. Rama Subba Reddy, K. Madhusudana Rao, K. S. V. Krishna
Rao, Y. Shchipunov, and C.-S. Ha; Synthesis of alginate based sil-
ver nanocomposite hydrogels for biomedical applications; Macro-
molecular Research 22, 832 (2014).
109. J. Liu, C. Detrembleur, M. Hurtgen, A. Debuigne, M.-C. De Pauw-
Gillet, S. Mornet, E. Duguet, and C. Jérôme, Thermo-responsive
gold/poly(vinyl alcohol)-b-poly(N-vinylcaprolactam) core–corona
nanoparticles as a drug delivery system; Polymer Chemistry 5, 5289
(2014).
110. T. Cai, M. Li, B. Zhang, K.-G. Neoh, and E.-T. Kang;
Hyperbranched polycaprolactone-click-poly(N-vinylcaprolactam)
amphiphilic copolymers and their applications as temperature-
responsive membranes; Journal of Materials Chemistry B 2, 814
(2014).
111. M.-R. Xu, M. Shi, D. H. Bremner, K. Sun, H.-L. Nie, J. Quan, and
L.-M. Zhu; Facile fabrication of P(OVNG-co-NVCL) thermore-
sponsive double-hydrophilic glycopolymer nanofibers for sustained
drug release; Colloids and Surfaces B: Biointerfaces 135, 209
(2015).
112. N. Sanoj Rejinold, T. Baby, K. P. Chennazhi, and R. Jayakumar;
Multi drug loaded thermo-responsive fibrinogen-graft-poly(N-vinyl
caprolactam) nanogels for breast cancer drug delivery; J. Biomed.
Nanotechnol. 11, 392 (2015).
113. Y. Wang, J. Zheng, Y. Tian, and W. Yang; Acid degrad-
able poly(vinylcaprolactam)-based nanogels with ketal linkages
for drug delivery; Journal of Materials Chemistry B 3, 5824
(2015).
114. K. Sudhakar, K. Madhusudana Rao, M. C. S. Subha, K. Chowdoji
Rao, and E. R. Sadiku; Development of dual responsive
5-fluorouracil loaded poly(N-vinylcaprolactam) based nanogels for
targeted drug delivery applications; Polymer Science Series B
57, 638 (2015).
115. K. Sudhakar, K. Madhusudana Rao, M. C. S. Subha,
K. Chowdoji Rao, and E. R. Sadiku; Temperature-responsive
poly(N-vinylcaprolactam-co-hydroxyethyl methacrylate) nanogels
for controlled release studies of curcumin; Designed Monomers and
Polymers 18, 705 (2015).
116. M. A. González-Ayón, J. A. Sañudo-Barajas, L. A. Picos-Corrales,
and A. Licea-Claverie; PNVCL-PEGMA nanohydrogels with tai-
lored transition temperature for controlled delivery of 5-fluorouracil;
J. Polym. Sci., Part A: Polym. Chem. 53, 2662 (2015).
117. B. Özkahraman, I. Acar, M. K. Gök, and G. Güçlü;
N -vinylcaprolactam-based microgels: Synthesis, characterization
and drug release applications; Research on Chemical Intermediates
42, 6013 (2016).
118. V. I. Lozinsky, I. A. Simenel, E. A. Kurskaya, V. K. Kulakova,
I. Yu. Galaev, B. Mattiasson, V. Ya Grinberg, N. V. Grinberg,
and A. R. Khokhlov; Synthesis of N-vinylcaprolactam polymers in
water-containing media; Polymer 41, 6507 (2000).
119. H. Vihola, A. Laukkanen, J. Hirvonen, and H. Tenhu; Binding and
release of drugs into and from thermosensitive poly(N-vinyl capro-
lactam) nanoparticles; Eur. J. Pharm. Sci. 16, 69 (2002).
120. A. A. Tager, A. P. Safronov, S. V. Sharina, and I. Yu. Galaev;
Thermodynamic study of poly(N-vinyl caprolactam) hydration at
temperatures close to lower critical solution temperature; Colloid.
Polym. Sci. 271, 868 (1993).
121. G. J. Calton, Biotechnology and medicine; Cutis 33, 375
(1984).
122. S. Kozanoglu, T. Özdemir, and Ali Usanmaz, Polymerization of N-
vinylcaprolactam and characterization of poly(N-vinylcaprolactam);
Journal of Macromolecular Science, Part A 48, 467 (2011).
123. M. I. Carretero and M. Pozo; Clay and non-clay minerals in the
pharmaceutical industry: Part I. Excipients and medical applica-
tions; Appl. Clay Sci. 46, 73 (2009).
124. J. W. Gilman; Flammability and thermal stability studies of poly-
mer layered-silicate (clay) nanocomposites; Appl. Clay Sci. 15, 31
(1999).
125. L. Pazourková, G. S. Martynková, M. Hundáková, and
H. Barošová; Montmorillonite and vermiculite modified by
N -vinylcaprolactam and poly(N -vinylcaprolactam) preparation and
Mater. Express, Vol. 8, 2018 33
Delivered by Ingenta
IP: 117.202.24.50 On: Tue, 20 Feb 2018 11:09:13
Copyright: American Scientific Publishers
Materials Express PNVCL thermoresponsive polymer in novel drug delivery systems: A review
Mohammed et al.
R
ev
ie
w
characterization; NanoCom 2014, Conference, Brno, Czech Repub-
lic, EU, November (2014).
126. M. Malmsten; Soft drug delivery systems; Soft Matter. 2, 760
(2006).
127. M. E. Napier and J. M. Desimone; Nanoparticle drug delivery
platform; Journal of Macromolecular Science, Part C: Polymer
Reviews 47, 321 (2007).
128. S. Moein Moghimi, A. C. Hunter, and J. C. Murray; Long-
circulating and target-specific nanoparticles: theory to practice;
Pharmacological Reviews 53, 283 (2001).
129. G. Wang and P. Wu; Toward the dynamic phase transition
mechanism of a thermoresponsive ionic liquid in the presence
of different thermoresponsive polymers; Soft Matter. 12, 925
(2016).
130. M. Treguer-Delapierre, J. Majimel, S. Mornet, E. Duguet, and
S. Ravaine; Synthesis of non-spherical gold nanoparticles; Gold
Bull 41, 195 (2008).
131. E. Boisselier and D. Astruc; Gold nanoparticles in nanomedicine:
Preparations, imaging, diagnostics, therapies and toxicity; Chem.
Soc. Rev. 38, 1759 (2009).
Received: 6 August 2017. Revised/Accepted: 5 December 2017.
34 Mater. Express, Vol. 8, 2018
